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Abstract   —   Creating  a  gradient  index  into  a  dielectric
structure is a major issue nowadays for the design of microwave
components and antennas, especially for inhomogeneous lenses as
Luneburg,  Fresnel  and  Maxwell  Fish-eye.  The  use  of  a  foam
material  and  a  simple  technological  process  can  allow  this.
Because a foam material is composed of air bubbles,  and core
materials  (resin,  PVC,  …),  removing  the  air  will  increase  the
density of the foam and so increase its dielectric constant. The
authors present a simple technological process to expel the air
from a piece of foam in order to increase the permittivity of the
foam.  This  is  then  applied  to  the  design  of  a  Luneburg  lens
antenna at 60 GHz.
Index  Terms  —  Characterization,  controlled  dielectric
constant,  foam  material,  gradient  index,  Luneburg  lens,
microwave.
I.  INTRODUCTION
Materials with controllable permittivity are mainly used for
electromagnetism applications. Foam is a composite material
and exists with numerous dielectric constants [1, 2]. It can be
used as a mechanical support or directly to design millimeter
circuits or antennas as a substrate [3]. The foam material used
in [3] provides a low dielectric constant (close to 1). It allows
to design antennas with high efficiency. This type of foam is
based on PVC material. For microwave applications, substrate
integrated non radiative waveguides can be manufactured with
a  specific  dielectric  constant  [4].  Antennas  with
inhomogeneous lenses can be designed at millimeter waves to
focus the radiation pattern [5, 6, 7] but such lenses (Fresnel-
zone  plate  lens,  Luneburg  lens,  Maxwell  fish-eye  lens  and
Rotman  lens)  require  the  use  of  materials  with  different
dielectric constants. For these kinds of lenses,  the aim is to
reduce the cost by using only one material with a controlled
dielectric constant in order to simplify the manufacturing. The
authors investigate a new and simple technological process [8]
to control the dielectric constant of a basic foam material. By
expelling the air contained inside a foam slab, the dielectric
constant can be increased and controlled. 
In the second part, the technological process is explained in
details.  The  third  part  describes  the  measurement  setup  of
dielectric constant. The results of characterization are shown
to validate the principle of controlled dielectric constant based
on one initial  foam material.  These experimental  results are
compared  to  theoretical  data  allowing the  prediction of  the
dielectric  constant.  In  the  last  part,  an  application  of  flat
Luneburg lens is presented and measurements are compared to
the simulation results at 60 GHz.
II. INCREASING DIELECTRIC CONSTANT PROCESS
A. Foams overview
Four different foams from two suppliers are studied in this
paper in order to validate the process:
- H 200 and HCP 50 from Divinycell [1]
- Airex PXc 245 and Airex PXc 320 from Corematerial
[2]
These foams are closed cell foams and are mainly used in the
construction field because of their mechanical properties.
The four foams have been measured with a free space bench
to  determine  their  permittivity  and  losses.  The  results  are
shown in Table 1.
I. TABLE  1
II. MEASURED ELECTRICAL PROPERTIES OF THE FOAMS AT 60
GHZ
Foam type εr tan δ
H 200 1.23 0.005
HCP 50 1.31 0.004
Airex PXc 245 1.31 0.010
Airex PXc 320 1.43 0.014
The  main  idea  of  increasing  the  dielectric  constant  of  a
foam sample is to change the ratio between the air and the
core  materials.  Indeed,  the  permittivity  of  a  sample  is
determined  by  the  density  of  its  components  and  their
volumes.  Two  different  formulas  will  be  reviewed  and
compared to measurement.
B. Pressing process
To expel the air of a sample, a simple pressing process is
implemented. The foam material sample has to be pressed at a
fixed  temperature  depending  of  the  material.  In  this
experiment, 90°C is chosen in order to not alterate the foam
characteristics.  It  allows the sample  to  be fixed after  being
pressed. If the temperature is not high enough, the sample can
“uncompress” and the air goes back into the sample. At the
same time,  if  temperature is  too high,  the sample might be
burned.  A similar  result  is  observed  with  the  duration  of
pressure.  It  has  to  be  long  enough  for  the  sample  to  be
homogeneous in term of temperature. In this case, 20 minutes
is sufficient. A picture of an H 200 foam sample before and
after being pressed is featured Fig. 1 and Fig. 2 to illustrate the
results.
 
Fig.   1. Stepped sample before the pressing process (5,  10,  15mm
thick)
Fig.  2. Stepped sample after the pressing process at 5mm
After the pressing process, sample can be measured in order
to determine the permittivity and the results are shown in the
next part. It is further possible to predict the dielectric constant
of  a  sample.  For  that  purpose,  two theoretical  methods  are
used: Knott [9] and Plonus [10]. By knowing the density of
the combination of core materials (all components of the foam
except  air)  and  its  permittivity,  the  authors  are  able  to
calculate  the  permittivity  of  a  pressed  foam  sample.  To
determine  this  density  and  permittivity,  a  piece  of  foam is
powdered before the pressing process. The measurement will
allow  the  authors  to  have  the  utmost  density  (ρp)  and
permittivity (εp) that correspond to those of the combination of
polymers. With these values (given in Table 2), the dielectric
constant of a foam sample (εf) can be predicted with the help
of the Knott formula (1). It depends on the permittivity of the
polymer (εp), the air (εa), and the ratio α between the density of
the foam and the density of the polymer.
ε f=ε p 1−
(ε p−εa) (1−α )
εa+(ε p−ε a)(1−α)
1
3 (1)
Moreover, Plonus found another formula based on the ratio
of  the  volume  of  air  and  the  volume  of  polymer  (2).  ξ
represents  the density ratio  and ρfi the  density of  the  foam
before the pressing process.
V a
V p
= ρp− ρ fi ξ ρ fi ξ− ρa (2)
With this formula, the dielectric constant can be calculated:
ε f=
V a
V p
∗εa+ε p
V a
V p
+1
 (3)
Both  formulas  are  compared  to  data  sheet  for  Divinycell
foams on Fig. 3 and 4. It shows a good agreement.
III. TABLE  2 
IV. DENSITY AND DIELECTRIC CONSTANT OF THE DIFFERENT
BASIC FOAM POLYMERS MEASURED AT 60 GHZ  (AFTER
REMOVING ALL AIR)
Material type ρ εr
H 200 1600 kg/m3 3
HCP 50 1500 kg/m3 2.92
Airex PXc 245 1075 kg/m3 2.8
Airex PXc 320 1273 kg/m3 3.15
Fig.  3 Dielectric constant law versus density ratio for H foam
Fig.  4 Dielectric constant law versus density ratio for HCP foam
III. FREE SPACE MEASUREMENT
A free  space  bench  is  performing  the  dielectric  constant
measurement [11, 12]. The bench is made of two horn-lenses
antenna  to  focus  the  signal  in  the  sample  under  test.  An
ABmm  Vector  Network  Analyzer  will  process  the  S21
parameter (amplitude and phase). Results are computed [13,
14] to extract the permittivity and losses of the sample. 
The measurement is performed in the V-band (50-75 GHz),
and the results are given at 60 GHz (frequency is chosen for
the application presented in the last part).
The free space measurements of the four different samples
(Fig.  5,  6,  7  and  8)  are  compared  to  the  both  theoretical
methods  of  Knott  and  Plonus.  It  demonstrates  a  good
behavior. The results show that dielectric constant can range
from 1.31 to 2.8 for Airex PXc 245 (the one that will be used
in the next part). Both Airex foams provide a better stability.
Indeed, for Divinycell foams, the surface of samples increases
during the pressing process when a mold is not used. It is due
to the glass fiber reinforcement inside Airex PXc foams.
Fig.  5. Dielectric constant law versus density ratio for H 200 foam
Fig.  6 Dielectric constant law versus density ratio for HCP 50 foam
Fig.  7. Dielectric constant law versus density ratio for PXc 245 foam
Fig.  8 Dielectric constant law versus density ratio for PXc 320 foam
IV. APPLICATION(S)
Based on previous measurements, Airex PXc 245 has been
chosen because of its  range of permittivity that starts lower
than PXc 320 (εr=1.41). A Luneburg lens with a gradient index
inside  is  designed  at  60  GHz.  The dielectric  constant  must
follow the radial law given in (4).
n (r )=√ εr=√2−r²     (4)
With “r”, the normalized radius. It is calculated by the ratio
of the actual position inside the lens and the radius of the lens.
This particular law provides an infinity of focal points around
the lens and a plane wave at the opposite. It will thus focus the
signal at the output of the lens. The lens is made of 6 areas
[15], one area with a ring of Rohacell foam (εr1=1.05) and five
areas made of one piece of foam (εr2=1.31, εr3=1.46, εr4=1.62,
εr5=1.77  and  εr6=1.92).  It  is  pictured  before  and  after  the
pressing process on Fig. 9.
(a) (b)
Fig.  9. Luneburg lens (a) before and (b) after the pressing process
This  lens  is  fed  by  a  classical  open-ended  WR15
waveguide.  In terms of radiating patterns,  the antenna was
afterwards measured in an anechoic chamber between 57 GHz
and 65 GHz and the results in the H-plane are shown in Fig.
10 at  60 GHz. The antenna has a half-power beamwidth of
5.2° (and 52.5° in the E-plane) with side lobe level under -14
dB. The results show a good agreement between simulation
and measurement and validate the technological process The
measured gain increases from 15.5 dBi to 17 dBi. The loss
efficiency (Fig. 11) is stable at 65% between 57 GHz and 65
GHz.. 
Fig.  10. Simulation versus measurement of the Luneburg lens in H-
plane at 60 GHz
Fig.   11.  Simulated  directivity,  measured  gain  and  loss  efficiency
between 57 GHz and 65 GHz
V. CONCLUSION
A technological process to create a gradient index inside a
foam material has been presented in this article. The process
has been validated by the measurement of a gradient index
lens at 60 GHz. It is simple, lightweight and inexpensive. The
process is limited by the range of permittivities, depending on
the material used.
This technological process can be applied to the design of
microwave  components  and  antennas  and  makes  the
manufacturing of gradient index structure much easier. More
results will be given in the conference as a near-field focusing
antenna and a Mikaelian lens.
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